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Ultracold molecules represent a fascinating research frontier in physics and chemistry, but it has proven
challenging to prepare dense samples at low velocities. Here we present a solution to this goal by a non-
conventional approach dubbed cryofuge. It employs centrifugal force to bring cryogenically cooled molecules to
kinetic energies below 1K×kB in the laboratory frame, with corresponding fluxes exceeding 1010/s at velocities
below 20 m/s. By attaining densities higher than 109/cm3 and interaction times longer than 25 ms in samples
of fluoromethane as well as deuterated ammonia, we observe cold dipolar collisions between molecules and
determine their collision cross sections.
Ultracold atoms have become established workhorses in
several fields of physics, and molecule slowing and cooling
methods are now coming to the fore. Compared to atoms,
molecules possess a variety of unique properties like per-
manent electric dipole moments. These offer, on the one
hand, a convenient handle to experimentally manipulate col-
lision pathways, an intriguing vista for the emerging field of
cold and ultracold chemistry [1–3]. On the other hand, the
long-range and anisotropic dipole coupling mediates interac-
tions over micrometer distances [4]. This renders cold po-
lar molecules particularly suitable for applications in quan-
tum simulation [5] and computing [6] such as investigation of
strongly correlated and dipole blockaded systems.
The generic roadmap towards the envisioned experiments
is to prepare molecular samples that are cold, dense, and
slow. These three conditions respectively ensure that quan-
tum phenomena can be distinguished from thermal physics,
interactions between molecules are frequent, and observation
times are long. Moreover, these criteria constitute a prereq-
uisite for sympathetic [7] and evaporative cooling of trapped
molecules [8] en route towards quantum degeneracy. So far,
only a special class of alkali dimers associated from atoms
can meet the three conditions simultaneously [9, 10]. How-
ever, notwithstanding the remarkable progress in the past
decade, experiments with naturally occurring molecules have
not yet reached this regime. Existing methods to manipulate
molecules yield cold and dense but fast samples [11–13], or
cold and slow but dilute samples [14–19]. Finding a general
approach to produce cold, dense, and slow molecules there-
fore constitutes an outstanding challenge.
Here we present a non-conventional solution dubbed
cryofuge that delivers a guided beam of cold and slow
molecules. Cryofuge denotes successive cryogenic buffer-
gas cooling [20–22] and centrifuge deceleration [23]. As
neither step involves the specific internal structure of the
molecules, this renders the method generic. We demon-
strate the capabilities of the cryofuge by showing internal-
state cooling and deceleration of fluoromethane (CH3F). We
illustrate the generality of the method by extension to sev-
eral other compounds, including ammonia (ND3), methanol
(CH3OH), (trifluoromethyl)acetylene (CF3CCH), and iso-
propanol (C3H7OH). The high intensities achieved at lab-
*
FIG. 1: Schematic illustration of the cryofuge (not to scale). A
cryogenic buffer-gas cell and a centrifuge decelerator are connected
by a quadrupole electrostatic guide. The buffer-gas cell operates with
either He at 6.5 K, or Ne at 17 K. The centrifuge decelerator consists
of a pair of circular static electrodes (radius=20 cm) around the pe-
riphery (silver) and a spiral-shaped rotating quadrupole guide (red).
The inner pair of rotating electrodes is extended to form a storage
ring with the static electrodes around the periphery, enabling the de-
celeration of continuous beams. The optional components, a parallel-
plate capacitor and a detector, can replace the straight guiding seg-
ments (blue), when characterizing the internal-state distribution of
the buffer-gas-cooled molecules by resonant radio-frequency deple-
tion spectroscopy. ∗ Methanol was introduced at 400 K.
oratory velocities below 20m/s allow for molecule interac-
tion times exceeding 25 ms, and thus enable the observation
of cold dipolar collisions with a measured collision rate of
∼ 10 Hz, which we demonstrate with CH3F and ND3. Such
a rate is several hundred times larger than the loss rate of
molecules from state-of-the-art electric traps [17, 24, 25], and
provides perfect starting conditions for further collision and
possibly evaporative-cooling [8] experiments. The measured
large scattering lengths, characteristic of dipolar interactions,
also offer access to strongly correlated systems [5] with sec-
onds or even minutes-long lifetimes in a room-temperature en-
vironment.
The operating principle of the cryofuge is illustrated in
Fig. 1. Warm molecules first thermalize with a helium or neon
buffer-gas in the cryogenic buffer-gas cell. Cell operation
is possible in two density regimes, a lower-pressure boosted
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2regime and a higher-pressure supersonic regime [22, 26], re-
sulting in either higher total flux or higher state-purity, respec-
tively. Molecules are extracted from the cryogenic environ-
ment by a bent electrostatic quadrupole guide (radius of cur-
vature 20 cm), and transferred by a straight guide to the cen-
trifuge decelerator. Here, the molecules enter a rotating guide
wherein the centrifugal potential slows them down almost to
a standstill. A final straight guide brings the molecules to a
quadrupole mass spectrometer (QMS) for detection.
Inserting an optional parallel-plate capacitor with radio-
frequency strip electrodes and a removable quadrupole mass
spectrometer (QMS) into the guide before the centrifuge en-
ables probing of rotational states by resonant depletion spec-
troscopy, as described in [26]. Moreover, the straight guide
between the centrifuge output and the QMS detector can be
toggled on and off to determine longitudinal velocities (vz)
via time-of-flight (TOF) measurements. Varying the guiding
voltage, hence the trap depth, on the straight guide before the
centrifuge can control molecular densities for cold collision
measurements after deceleration.
We first studied rotational-state cooling of CH3F, tracking
the variation of the internal state distribution as a function of
the buffer-gas density for the boosted (Fig. 2A) and the super-
sonic (Fig. 2B) regimes. In both cases a higher buffer-gas den-
sity results in a higher state purity, with an increasing popula-
tion in the |J,K〉 = |1,1〉 ground level of the para nuclear spin
states. We achieved a maximum population of (43.2± 0.3) %
and (92.9 ± 0.5) % in the |1,1〉 state of CH3F in the boosted
and supersonic regime, respectively.
An inherent problem of buffer-gas cooling in both these
regimes is that slow molecules are missing in the extracted
samples due to collisions with the buffer-gas in the vicin-
ity of the nozzle. This is resolved with the centrifuge. Fig-
ure 3A illustrates the deceleration of CH3F for cell operation
in the boosted regime. The two-dimensional map shows the
variation of the output vz-distributions (horizontal axis) as a
function of the centrifuge rotation speed (vertical axis). Two
effects are apparent. First, the peak of the vz-distribution
shifts towards lower velocities with increasing rotation speed,
as expected for deceleration. Second, the molecular den-
sity increases for rotation speeds below 30 Hz, and then de-
creases. The increase comes from deceleration, with more
molecules surviving the small bend (radius 5cm) at the exit of
the centrifuge. The decrease of density towards higher rota-
tion speeds is due to over-deceleration, with the molecules no
longer having sufficient kinetic energy to climb the centrifugal
potential and reach the output of the centrifuge [23].
The deceleration of a beam in the supersonic regime is
shown in Fig. 3B, where the measured vz-distributions at both
the input and the output of the centrifuge are compared. The
fit to the input distribution indicates a peak velocity of 165 m/s
and a velocity spread corresponding to 3.3 ± 0.1 K in the co-
moving frame. By rotating the centrifuge at 62 Hz, the vz-
interval near the peak of the input distribution (red stripe) is
shifted to below 1K×kB kinetic energy (blue area) in the lab.
As the vertical scale ∆n/∆vz is proportional to the phase
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FIG. 2: Measured rotational-state mapping of CH3F in an elec-
trostatic guide, as a function of the buffer-gas flux. (A) Buffer-gas
cooling in the boosted regime (with a moderate He inflow at 6.5 K).
Unit of gas flow: 1 sccm = 4.1 × 1017 s−1. The left axis labels
the rotational states |J,K〉 in ascending order in energy. The 7 low-
est states with substantial guided population are shown. The vertical
scale shows the relative population of each probed state in the guide.
(B) Buffer-gas cooling in the supersonic regime (with a much higher
Ne inflow at 17 K). The errorbars of the measured populations in (A)
and (B) are all below 0.6%, and are not visible in the plots.
space density, the ratio of the two heights gives the output
efficiency of the centrifuge deceleration, which is about 8%
for the supersonic input. For a boosted input, the efficiency
improves to typically 20% due to the lower input velocities
and hence better electrostatic guiding in the centrifuge. The
decrease of signal towards zero velocities is due to the di-
vergence of the very slow molecules in the gap between the
centrifuge output and the TOF guide, as confirmed by Monte-
Carlo trajectory simulations.
A key figure of merit is the flux of slow (< 1K×kB)
molecules obtained. Such molecules are required for trap
loading as well as for cold-collision studies and cold-
chemistry experiments with long interaction times. Figure 3C
shows the flux of slow molecules obtained in both the boosted
(with 0.1 and 0.2 sccm molecule input) and the supersonic
regime. At 0.2 sccm molecule input in the boosted regime, we
have obtained a slow-molecule flux of (1.2±1.20.6) × 1010 s−1
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FIG. 3: Results from the centrifuge deceleration of CH3F.
(A) 2D map of the output longitudinal velocity (vz) distribution
of molecules from a boosted cell (6.5 K buffer-gas cell, 0.5 sccm
He inflow, 0.1 sccm molecule inflow). The vertical axis shows the
centrifuge rotation speed. The color scale indicates the molecular
density in each velocity interval. The white dashed line at 86 m/s
marks the peak velocity of the input molecular beam. The black
dashed line corresponds to 1K kinetic energy for CH3F. (B) Com-
parison between the input (rescaled by a factor of 0.2) and output
vz-distributions from a supersonic cell (17 K buffer-gas cell, 7 sccm
Ne inflow, 0.1 sccm molecule inflow) at 62 Hz centrifuge rotation.
A Gaussian curve is fitted (least-χ2 method) to the input with its
center, width, and amplitude as free parameters. The vertical axis
shows density per velocity interval. (C) Output slow flux (1K×kB
kinetic energy) versus centrifuge rotation speed. The blue and black
plots depict results from the boosted regime (6.5 K cell, 0.5 sccm He
inflow) at different molecule input (0.1 and 0.2 sccm, respectively).
The red plot (rescaled by a factor of 20) depicts the supersonic results
(17 K buffer-gas cell, 7 sccm Ne inflow, 0.1 sccm molecule inflow).
The errorbars in (B) and (C) represent 1σ statistical error, derived
from signal shot noise averaged over typically 15 minutes measure-
ment time.
with a peak density of (1.0±1.00.5) × 109 cm−3 at 30 Hz rota-
tion. The factor-of-two error results from systematics in the
QMS sensitivity calibration. Compared to the first demonstra-
tion of centrifuge deceleration [23], the current results repre-
sent an enhancement by at least 1 order of magnitude in the
obtained slow-molecule flux and density alone, and about 3
orders of magnitude if population in a single quantum state
is taken into account. The phase-space density is estimated
to be ∼ 5 × 10−14, comparable to the value achieved for a
molecular magneto-optical trap [16], but now already for tem-
peratures around 1 K instead of < 1 mK. In comparison, the
flux of slow molecules obtained in the supersonic regime is
about 40 times smaller, mainly due to the limited buffer-gas
cell extraction and the lower guiding efficiency.
The generic principle underlying the cryofuge enables its
application to a wide range of compounds. For ND3 and
CF3CCH which are symmetric-tops like CH3F, fluxes of ∼
1× 1010 s−1 and densities of ∼ 1× 109 cm−3 have been ob-
tained below 1K×kB kinetic energy. We have also applied the
cryofuge to methanol and isopropanol. For methanol, a flux of
∼ 3×108 s−1 at a peak velocity of 40 m s−1 and∼ 1×107 s−1
below 1K×kB was produced (Fig. S2). The comparably lower
flux results from both the weaker Stark shifts [27] and the
much lower vapor pressure of methanol. We have achieved
a similar flux of ∼ 1× 108 s−1 for isopropanol, but maintain-
ing stable operation requires additional effort, as isopropanol
is prone to freezing due to its even lower vapor pressure.
The high density of the decelerated molecules brings us into
the cold-collision regime, which we investigated for CH3F
and ND3. We observed increasing losses for decreasing ve-
locities in the molecular beams (Fig. 4), and attribute this to
dipolar collisions mainly in the TOF-guide.
To quantify the collisional loss, we examined its depen-
dence on the molecular density n and the longitudinal veloc-
ity vz of the guided beam, as well as on the averaged dipole
moment 〈d〉 of the molecule. The vz-dependence occurs be-
cause the collision probability is proportional to the passage
time through the guide, hence ∝ 1/vz . Figure 4 shows the
normalized ratios of vz-distributions taken at high and low
molecule densities corresponding to a density difference ∆n,
set by varying the voltage on the straight guide before the cen-
trifuge. In addition, for a fixed voltage difference, ∆n can
be tuned by regulating the molecule inflow to the cryosource.
For guided beams, the collisional loss modifies the original
vz-distribution P0 into P = P0exp(−klossnL/vz), where
kloss = σlossvrel is the loss rate coefficient with σloss be-
ing the total collision cross section for all loss channels and
vrel being the relative velocity between colliding partners,
and L = LTOF + Leff is the guide length. L includes
the contribution from the TOF-guide LTOF = 46 cm, and
additionally an effective guide length inside the centrifuge
Leff . The latter takes into account the variation of vz and
n during deceleration and depends on the exit velocity from
the centrifuge (Fig. S7 C and D). Thus the ratio of two vz-
distributions PHigh/PLow for a ∆n = nHigh − nLow can be
fitted with an exp(−αkth∆nL/vz)-model, where kth is the
theoretically predicted loss rate coefficient, and α is the only
fit parameter which accounts for the deviation between the-
ory and the experimentally measured loss. Moreover, the fit
includes a collision-independent background, which is well-
understood and results from the electrostatic filtering in the
bent guide (Fig. S3).
The theoretical rate coefficient includes losses from both
elastic and inelastic contributions, kth = kelloss + k
in,
which are estimated with the semiclassical eikonal approx-
imation [28] and the Langevin capture model [29], respec-
tively. Not all elastic collisions contribute to losses, but only
those that increase the transverse energy to a value exceeding
the maximum guiding potential. With this picture in mind,
we compute the probability for a molecule to be lost for a
given collision event with scattering angle θ, relative longitu-
dinal velocity vrelz , and given relative transverse velocity, and
radial position where the collision occurs. We then integrate
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FIG. 4: Depletion from molecule-molecule collisions in the centrifuge-decelerated beam. (A) Ratio of vz-distributions for high and low
CH3F densities, taken always at 10 kV and 1 kV, respectively, on the straight guide before the centrifuge. The three ∆n values correspond to
0.06, 0.2, and 0.3 sccm CH3F input flux (in descending order), at 6.5 K cell temperature, 0.5 sccm He inflow, and 33.5 Hz centrifuge rotation
speed. The corresponding 1σ statistical errorbars are derived from signal shot noise averaged over 12, 6, and 4 hours, respectively. (B) Ratio of
vz-distributions for high and low ND3 densities, at 8.5 K cell temperature, 0.5 sccm He inflow, 0.2 sccm ND3 inflow, and 38.5 Hz centrifuge
rotation. The data are averaged over 8 hours measurement. For both measurements, the |1,1〉 state has the largest population, a measured
43% for CH3F and an estimated 80% for ND3.The black dashed lines in both figures show the ratio of simulated vz-distributions for the
collision-free case.
this loss probability over the transverse velocity and spatial
distribution to obtain Ploss(vrelz , θ) (Fig. S5 A). We also cal-
culate the differential cross-section dσdΩ (v
rel
z , θ) (Fig. S5 C) for
the dipole interaction. The elastic loss cross section is then
σelloss(v
rel
z ) = 2pi
∫
dθsinθPloss
dσ
dΩ . For the inelastic loss, it
has been suggested that the presence of an external electric
field could induce pronounced orientation-changing collisions
between polar molecules [30, 31]. As an estimate, we assume
the Langevin model accounts for all inelastic losses and use
it to compute kin. A comparison of these vrelz -dependent rate
coefficients is presented in the supplement.
With the averaged dipole 〈dCH3F 〉 = 0.56 D and
〈dND3〉 = 0.77 D in our decelerated beams, we obtain the
theoretical values kCH3Fth = 7.7×10−10 cm3s−1 and kND3th =
1.3 × 10−9 cm3s−1 at 0.8K×kB and 1.1K×kB collision en-
ergy, respectively. The fit to the data reveals αCH3F =
1.4 ± 0.1 and αND3 = 1.6 ± 0.3, meaning that the mea-
sured loss rate coefficients are between 40% and 60% larger
than theory, respectively. This deviation can be attributed to
our underestimation of molecular density in the centrifuge,
and the imprecision of the Langevin model. We note that al-
though the total elastic cross sections are large, calculated to
be σelCH3F = 2.0×10−12 cm2 and σelND3 = 2.5×10−12 cm2,
the loss ratio is small with σelloss/σ
el
total ≈ 6% for both cases.
Only 1 out of 17 elastic collisions leads to loss.
For dipolar collisions, the semiclassical calculations [32,
33] predict a rate coefficient k ∝ 〈d〉2. Hence we ex-
pect kND3/kCH3F = 〈dND3〉2 / 〈dCH3F 〉2 to be approxi-
mately 1.9. This agrees nicely with the experimental value
kND3loss /k
CH3F
loss = 1.9±0.4. The systematic error from the den-
sity calibration cancels out in this ratio for reasons explained
in the supplement.
Finally, to show that we indeed explore the onset of the
huge and long-range dipolar interaction between cold polar
molecules, we compare its strength Vdd(r) = −〈d〉2 /4pi0r3
to that of the van der Waals interaction VvdW (r) = −C6/r6
where C6 is the dispersion coefficient and r is the inter-
molecular distance. The C6 values for CH3F-CH3F and ND3-
ND3 collisions estimated from the London formula [34] are
100 a.u. and 55 a.u. (1 a.u.= 1Eha60, where Eh = 4.36 ×
10−18 J and a0 = 0.529 A˚), respectively. At the interaction
distance r0 =
√
σloss/pi ∼ 4 nm for σloss ∼ 0.5×10−12 cm2
(Table S4), Vdd(r0)/VvdW (r0) ∼ 200, and thus the dipole-
dipole interaction dominates by far.
The measured molecular density and the elastic collision
rate give a collision frequency of ∼ 10 Hz, which would im-
ply a thermalization rate of∼ 1 Hz [35]. Thus, once combined
with the previously developed and readily compatible electro-
static trap featuring minute-long trapping times [17, 25], it
becomes possible to measure thermalization rates for differ-
ent internal states and collision energies as well as various
molecular species. Furthermore, implementing optoelectrical
Sisyphus cooling [36] to reach a lower temperature in such
a trap might allow us to explore the scattering resonance at
the threshold limit [32] and the giant dipolar collision cross
sections in or close to the quantum regime, and possibly even
implement evaporative cooling of polyatomic molecules.
In addition to enabling the observation of cold dipolar
collisions, the broad versatility of the cryofuge could dras-
tically extend the scope of current cold-molecule research.
For instance, the cold and slow beam of methanol we pro-
duced could be ideal for measuring variations in the proton-
to-electron mass ratio [37]. Moreover, the cryofuge could
serve as a perfect source for ongoing experiments with laser-
cooled diatomic molecules [16, 18], as many of the species
considered there possess rotational states with Stark shifts suf-
ficiently large to apply our cryofuge technique.
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In this supplement, we summarize the following additional
information: In Sec. S.I we give a short description of the prin-
ciple and design of the centrifuge decelerator. Sec. S.II sum-
marizes the sources and purities of all compounds used in the
experiment. In Sec. S.III we discuss the stability of the cry-
ofuge at its maximal output intensity of cold molecules. In
Sec. S.IV we provide details of the experimental conditions
and show results for producing cold methanol and isopropanol
beams from our cryofuge. Section S.V explains the proce-
dure for tuning the molecular densities in the collision mea-
surements, and the resulting systematic errors. The modeling
and cancellation of these systematic errors are discussed in
Sec. S.VI and Sec. S.VII. The systematic errors resulting from
the QMS (Quadrupole Mass Spectrometer) detection due to
space-charge effects and how they are eliminated are dis-
cussed in Sec. S.VIII. Section S.IX explains the scaling of the
QMS sensitivity calibration for different species. Calculations
of the loss probability for elastic collisions in the guide are
discussed in Sec. S.X. Calculations of various collision cross-
sections and loss rate coefficients are presented in Sec. S.XI.
The effective length for collisions inside the centrifuge is elab-
orated in Sec. S.XII.
I. CONCEPT AND DESIGN OF THE CENTRIFUGE
DECELERATOR
A basic idea for decelerating any particle beams is to make
them climb up a potential hill at the expense of their ki-
netic energy. To produce a sufficient potential energy for
decelerating continuous molecular beams at velocities up to
∼ 200 m/s, we employ a non-inertial system, in particular har-
nessing the centrifugal force in a rotating frame (Fig. S1 A).
The centrifugal potential energy which is responsible for the
deceleration in the rotating frame is given by Ecentrifugal =
− 12m(~Ω × ~r)2 (23), where m is the mass of the particle, ~Ω
∗Electronic address: xing.wu@yale.edu; Current address: Department of
Physics, Yale University, New Haven, Connecticut 06520, USA.
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FIG. S1: Schematic of the centrifuge decelerator (top-view). (A)
Design assembly. (B) Transverse electric-field distribution in the
quadrupole guide. (C) Static electrodes. (D) Rotating electrodes.
is the angular velocity of the rotating frame, and ~r is the ra-
dial vector pointing from the center of the rotation to the po-
sition of the particle. A particle traveling from the periphery
(r = R = 20 cm, the radius of the centrifuge) to the center
of the rotating frame (r = 0 cm) climbs up a potential hill of
∆E = mΩ2R2/2. This decrease in a particle’s kinetic energy
can be controlled by varying
∣∣∣~Ω∣∣∣. During the deceleration, the
transverse divergence of the molecular beam is suppressed by
quadrupole electrostatic guiding (Fig. S1 B).
The design of the centrifuge enables a continuous deceler-
ation of molecular beams (23). For this purpose, the decel-
erator consists of two parts: static electrodes around the pe-
riphery (Fig. S1 C) and rotating electrodes in the inner region
(Fig. S1 D). The rotating guide has a spiral shape and con-
sists of four parallel electrodes in a quadrupole configuration.
The two inner rotating electrodes (red curve in Fig. S1 D) ex-
tend in a circular shape parallel to the outer static electrodes.
This sweeping tail together with the two outer static electrodes
form a storage ring of molecules around the periphery. This
storage ring enables guiding of molecules around the periph-
ery until they catch up with and enter the rotating spiral, irre-
spective of the moving position of the spiral’s entrance, which
ar
X
iv
:1
71
0.
05
98
8v
1 
 [p
hy
sic
s.a
tom
-p
h]
  1
6 O
ct 
20
17
2ensures the deceleration of continuous beams. Further details
on the centrifuge are presented in (23).
II. SOURCES AND PURITIES OF ALL COMPOUNDS
All compounds used in the experiment (including buffer-
gas atoms) that are in gas phase at room temperature are from
lecture bottles or gas cylinders. Methanol and Isopropanol are
from spectroscopy grade solvents. The purities and commer-
cial suppliers for all compounds are listed in Table S1.
Compound Purity Commercial suppliers
Helium 99.996% Westfalen
Neon 99.995% Linde
CH3F 99.5% Linde
CF3CCH ≥ 97% SynQuest Laboratories
ND3 99% Sigma-Aldrich, Spectra Gases
Methanol 99.8% Merck
Isopropanol 99.9% Merck
TABLE S1: Purities of all compounds used in the experiment.
III. LONG-TERM STABILITY OF THE CRYOFUGE
OUTPUT
To produce the flux of (1.2±1.20.6)× 1010 s−1 and density of
(1.0±1.00.5)×109 cm−3 CH3F molecules below 1K×kB kinetic
energy in the laboratory frame, as quoted in the main text,
the cryogenic buffer-gas cooling is operated with a 6.5 K cell,
0.5 sccm He inflow, and 0.2 sccm molecule inflow. The cen-
trifuge runs at 30 Hz. The cryofuge operates stably for at least
6 hours, with 30% overall signal decrease due to ice formation
at the buffer-gas cell output. By reducing the molecule inflow
from 0.2 sccm to 0.1 sccm, the slow flux obtained is reduced
by 1/3, and the stable operation time of the system increases
to over 12 hours. Longer operation time can be achieved by
implementing de-icing at the cell output with a pulsed heating
current (38). In addition, the system can be reset by warming
up the cryogenic part to above 100 K overnight.
IV. COLD METHANOL AND ISOPROPANOL BEAMS
In this section, we provide the experimental conditions un-
der which the intense beams of cold and slow methanol and
isopropanol are produced, explain how we calculate the beam
fluxes, and show the velocity distribution and TOF signal. For
methanol, the buffer-gas cell is kept at 25 K, and the molecule-
line inlet is heated up to 400 K to prevent freezing. The input
fluxes of helium and methanol to the buffer-gas cell are stabi-
lized to 0.2 sccm and 0.08 sccm, respectively. The centrifuge
rotates at 37 Hz. For isopropanol, the buffer-gas cell temper-
ature is 21 K, the molecule-line inlet temperature is heated to
A BMethanol(CH OH)3 Isopropanol (C H O)3 8
Guide ON
Guide OFF
FIG. S2: Longitudinal velocity distribution for the cold methanol
beam (A) and the TOF signal for the cold isopropanol beam (B).
The errorbars in (A) as well as in the figures and text through out the
rest of the supplement represent 1σ statistical error of the measure-
ments.
300 K, the buffer-gas flux is set to 1.0 sccm and the centrifuge
rotation frequency is set to 40 Hz.
The measured longitudinal velocity (vz) distribution for
methanol beams after the cryofuge is shown in Fig. S2 A. The
vertical axis in Fig. S2 A represents the count rate per velocity
interval. The 1σ errorbar in the figure is derived from signal
short noise averaged over about 1.3 hours measurement time.
The count rate is proportional to the molecular density at the
detector, and the ratio between the two defines the calibration
factor of the detector which is about 200 cm−3 per count/s for
methanol in our case. The product of the area under the data
points in Fig. S2 A and the calibration factor gives the den-
sity at the detector. Multiplying this density by the averaged
velocity and the beam spread (about 0.3 cm2) which results
from the divergence of molecules after they leave the guide,
gives the beam flux, which is about 3 × 108 s−1 for the cold
methanol. The same procedure is applied to obtain the beam
flux of other cold species from the cryofuge. The internal-
state purity of such a methanol beam is substantially higher
than the one corresponding to a thermal distribution at 25 K
(the temperature of the buffer-gas cell). This is due to the
electrostatic filtering, as only molecules in states with suffi-
cient Stark shifts can be guided.
We also show in Fig. S2 B the TOF signal for the cold
isopropanol beam. The vertical axis shows the count rate
of the beam as a function of the arrival time at the detec-
tor. The maximal height of the signal minus the background
gives the total signal for the isopropanol, which is about
900 cnt/s. The detector calibration factor for isopropanol is
about 96 cm−3 per count/s. Thus following the same calcula-
tion mentioned above, we obtain the value for the isopropanol
flux which is about 1× 108 s−1.
V. TUNING THE MOLECULAR DENSITY FOR THE
COLLISION MEASUREMENTS
One difficulty in studying the molecular density, n, depen-
dent collision loss in the TOF guide (see Fig. 1 of the main
text), is to find methods for varying n while maintaining all
other parameters unchanged. Two approaches are applied in
3our measurement. First, we vary the voltage on the straight
guide before the centrifuge decelerator, hence its transverse
trap depth. In this way, ideally we can control the molecular
density without changing its vz-distribution, as vz and v⊥ (the
transverse velocity) are decoupled in the straight guide. Sec-
ond, we regulate the molecular flux into the buffer-gas cell.
During both operations, other parameters such as the cen-
trifuge rotation speed, the buffer-gas cell temperature, and the
buffer-gas input flux all stay unchanged. Notably, the voltage
on the TOF guide is also kept constant, as otherwise it would
simultaneously alter both n and the trap depth in the collision
region, as well as introduce changes to the molecular beam
spread before the molecules arrive at the detector.
These two approaches, however, do not completely elimi-
nate all side effects. The alteration of the transverse trap depth
also modifies the measured vz-distribution due to the coupling
between the transverse and the longitudinal filtering in the
bent guide before the straight segment, as explained in detail
in Sec. S.VI. The tuning of the molecule inflow shifts the out-
put velocity distribution due to the boosting effect (39) at the
vicinity of the cell output aperture. This effect is small since
the boosting is dominated by the density of the helium atoms,
and it can be easily canceled out as explained in Sec. S.VII.
VI. THE ‘COLLISION-INDEPENDENT’ BACKGROUND
IN THE RATIOS OF vz-DISTRIBUTIONS
As mentioned in Sec. S.V, when we change the molecu-
lar density by varying the guiding voltage (e.g. toggling
between 10 kV and 1 kV as carried out in our measure-
ments) on the straight guide before the centrifuge, a collision-
independent background is expected in the ratio of the ob-
tained vz-distributions. This is due to the coupling between
the longitudinal and the transverse confinement of molecules
in the bent quadrupole guide before this straight segment. For
a straight quadrupole guide with inner radius ρ0, the trans-
verse potential energy vs. position for 10 kV and 1 kV are
plotted in Fig. S3 A, and are independent of vz (Fig. S3 B).
However, for a bend with a radius of curvature R (R  ρ0),
the transverse trap depth (Ebend) is shifted by the centrifu-
gal energy Ecen = −mv2zρ0/R. This effectively lowers the
transverse trap depth of the bent guide by an amount equal to
Ecen, hence (Ebend − Ebend(vz = 0)) ∝ −v2z in Fig. S3 B.
Therefore, when the voltage on the straight segment after the
bend is reduced from 10 kV to 1 kV, the loss in molecular sig-
nal must be vz-dependent, as the bend has already effectively
performed a vz-dependent pre-filtering.
To quantitatively predict this background which is indepen-
dent of any collisions in the guide, we perform a complete
Monte-Carlo trajectory simulation of the guiding from the
output of the buffer-gas cell to the input of the centrifuge. The
detailed description of this simulation method and its valida-
tion with a state-resolved measurement has been reported pre-
viously (26). The simulated point-by-point ratio between the
velocity distributions before entering the centrifuge is plotted
in Fig. S3 C. The transformation from the input vin,z to the
output vout,z of the centrifuge is simply given by vout,z =
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FIG. S3: Sketch of the vz-dependent filtering on the transverse
energy and the simulation results. (A) Transverse potential energy
of a molecule in a quadrupole guide assuming a linear Stark shift,
at 10 kV (black), at 1 kV (gray), and at a bend with 10 kV (red) for
a given longitudinal velocity. The dashed lines indicate the corre-
sponding trap-depth. 0 on the x-axis represents the guide center, and
±ρ0 represent the boundary of the guide. B) Transverse trap-depth
as a function of vz , for a straight guide (black and gray), and for a
bent guide (red). (C) Ratio between the vz distributions at 10 kV and
at 1 kV guiding voltage before the centrifuge, and (D) the same ratio
after the centrifuge, which is operated at a rotation speed of 33.5 Hz.
Blue squares show results from Monte Carlo trajectory simulations,
and the red lines are smoothing curves.
√
v2in,z − 2vpvin,z , where vp = 2piΩR′ is the peripheral ve-
locity of the centrifuge, the rotation speed is Ω = 33.5 Hz
for the measurement shown in Fig. 4 A in the main text, and
the radius of our centrifuge is R′ = 20 cm. The transformed
ratio of output vz-distributions is plotted in Fig. S3 D. The ex-
perimentally obtained ratio of vz-distributions from the colli-
sion measurements are compared to this simulated ratio, as it
represents the model where no collisions occur. We perform
separate simulations for CH3F and ND3, since they are inves-
tigated under different experimental conditions.
VII. CANCELLATION OF THE BOOSTING EFFECT IN
THE RATIOS OF vz-DISTRIBUTIONS
The second way of varying the molecular density in the
TOF-guide is by directly changing the molecule inflow to the
buffer-gas cell. This however also introduces a small shift to
the velocity distribution of the molecules leaving the buffer-
gas cell, due to the boosting effect (39), which is difficult
to simulate. Thus one cannot directly take the ratio of vz-
distributions measured at different molecule inflow rates. To
4cancel this shift out, at each given inflow we vary the voltage
on the straight guide before the centrifuge (the first approach
in Sec. S.V), and then take the point-by-point ratio of the vz-
distributions measured at these two voltages. The boosting
effect cancels out in the ratio, as it is the same for both mea-
surements. By changing to a different molecule inflow rate
while keeping the same voltage switching procedure, we can
tune the value of ∆n, as shown in Fig. 4 A.
VIII. LINEAR RESPONSE OF THE DETECTOR
In addition to canceling or compensating the aforemen-
tioned effects resulting from the density control, we have also
taken full care of the systematics of the detector. We measure
molecules with a cross-beam quadrupole mass spectrometer
(QMS 410, Pfeiffer) which generates electron beams in the
detection volume, ionizes the incoming molecules via elec-
tron impact, and then collects and counts the ions. For such
a system, it is known from literature (40) that systematics in
the temporal response could arise from the space-charge ef-
fect. When the electron cloud in the detection volume is suf-
ficiently dense, the resultant electrostatic interaction disturbs
the extraction of the produced ions, and subsequently causes
a delay in the arrival time at the ion counter (41). As a result,
the measured vz-distribution would appear slower than the ac-
tual distribution. To avoid such artifacts, we have to reduce
the electron emission current until a linear response from the
TOF measurement is obtained. In this way, we make sure that
the measured vz-profile becomes independent of the emission
current (Fig. S4 A). Consequently, all the measurements on
vz-distributions and collision effects reported in the main text
were performed at 60 to 120µA emission current, instead of
the typical range of 400 to 600µA recommended for a general
application. The drawback of reducing the emission current is
of course the decrease in the detection efficiency. However,
the signals we obtain are still sufficient to reveal the decel-
eration and collisions thanks to the large molecular intensity
produced by the cryofuge.
Apart from the dependence on the emission current, we
have also verified the linear response of the QMS on the ion
density. When the ion density produced in the detection vol-
ume is sufficiently high, one could expect a similar distortion
of the ion trajectory, and hence their extraction and arrival at
the ion counter. To rule out this nonlinearity, we varied the
distance from the end of the TOF guide to the QMS detec-
tion volume while keeping the incoming molecular intensity
the same. Due to the beam divergence, the molecular density
reaching the QMS scales inversely to the distance squared.
This effectively changes the ion density present in the detec-
tion volume. According to the results from test measurements
(Fig. S4 B), our detector still exhibits a linear response within
the relevant density range.
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FIG. S4: Verification of the linear response of the detector. (A)
Ratios of vz-distributions in the collision measurements taken at 60
and 120µA emission current. All other parameters are identical,
namely 0.5 sccm He, 0.25 sccm CH3F, 33.5 Hz centrifuge rotation,
and the voltage on the straight guide before the centrifuge is tog-
gled between 10 and 1 kV. The data are averaged over 2.5 and 1 hour
for the 60 and 120µA measurements, respectively. (B) Ratio be-
tween vz-distributions taken at different distances away from the end
of the TOF guide, 24 mm over 36 mm. This test measurement was
performed on a different setup (42) where molecules from a 120 K
effusive nozzle are directly guided to the detector.
Species N2 ND3 CH3F CH3OH
ionization cross section [A˚2] 2.51 3.01 3.41 4.69
static polarizability [A˚3] 1.71 2.10 2.54 3.21
TABLE S2: List of electron impact ionization cross sections and
static polarizabilities of various species, taken from literature.
The cited ionization cross sections are for electron impact energy
of 70 eV, and the corresponding references are N2(43), ND3(44),
CH3F(45), CH3OH(46). The values for the static polarizability are
obtained from (47).
IX. DEPENDENCE OF QMS SENSITIVITY ON THE
MOLECULAR SPECIES
The calibration of the QMS sensitivity has been performed
only for CH3F, and rescaled for the other species based on the
literature values of their electron impact ionization cross sec-
tion (Table S2). Consequently, the systematics in the density
calibration should cancel out in the ratio of the measured col-
lision rates kND3loss /k
CH3F
loss as discussed in the main text. In
addition, the electron impact ionization cross-section is found
to be roughly proportional to the molecular polarizability (48),
in case the literature value for a specific molecule species is
not available.
X. LOSS PROBABILITY FROM ELASTIC COLLISIONS
IN A QUADRUPOLE GUIDE
In this section, we summarize the method for computing
the probability of losses induced by elastic collisions. More
specifically, our goal is to compute, upon experiencing an
elastic collision, the probability for a molecule to get lost from
the quadrupole guide (the TOF-segment) for the given trap
depth, and for any scattering angle θ and relative longitudi-
nal velocity vrelz . The dependence on the transverse velocity
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FIG. S5: Angular and velocity dependence of the loss proba-
bility and the differential cross section of elastic scattering be-
tween CH3F molecules in the quadrupole guide. (A) Simulated
loss probability Ploss(vrelz , θ) as a function of vrelz for selected scat-
tering angles (from 0o to 15o, and one curve per degree). (B) Loss
probability Ploss(θ) as a function of the scattering angle, after aver-
aging over the measured vz-distribution. (C) Calculated differential
cross section dσ
dΩ
(vrelz , θ) of elastic collisions as a function of vrelz
for selected scattering angles (from 0o to 15o, and one curve per de-
gree), from the eikonal approximation. (D) Differential cross-section
dσ
dΩ
(θ) as a function of the scattering angle, after averaging over the
measured vz-distribution.
and position distributions in the guide are averaged over the
whole ensemble in the calculation. The trap depth in our case
is about 0.9K×kB for CH3F and 1.2K×kB for ND3.
First of all, we need to work out the energy and spatial dis-
tribution of molecules in the guide. The transverse energy
and spatial distribution can be obtained from Monte-Carlo tra-
jectory simulations (26). For simplicity, assuming a perfect
linear electric field distribution in the quadrupole guide, and
a perfect linear Stark-shift experienced by molecules in the
guide, the transverse energy distribution can be worked out
from a phase-space volume consideration, and is proportional
to v5⊥, where v⊥ is the transverse velocity of a molecule. The
transverse spatial distribution of a single molecule can be ap-
proximated with R(ρ) ∝ ρ(ρ0 − ρ), where ρ is the radial
coordinate and ρ0 ≈ 1 mm is the inner radius of the guide.
The transverse spatial distribution for a collision between two
molecules is then Rcol(ρ) ∝ R2(ρ)/ρ = ρ(ρ0 − ρ)2, where
ρ in the denominator is to divide out the probability for the
colliding partners to have different azimuthal positions.
Next, we use random number generation to produce an ini-
tial ensemble with the position and energy distributions ob-
tained from the first step. The calculation of the energy trans-
fer upon one elastic collision is then performed in the center-
of-mass frame, for a given pair of relative longitudinal veloc-
ity vrelz and scattering angle θ, where the relative transverse
Collision energy CH3F ND3
transverse v¯rel⊥ [m/s] 17.3 26.4
longitudinal v¯relz [m/s] 22.3 33.2
Ecol/kB [K] 0.8 1.1
TABLE S3: List of averaged velocities and collision energies for
CH3F-CH3F and ND3-ND3 collisions in our measurement. v¯rel⊥
is the relative transverse velocity averaged over the known distri-
bution. v¯relz is the relative longitudinal velocity averaged over the
measured vz-distribution. The collision energy is Ecol = µv¯2rel/2,
where µ is the reduced mass, and the relative velocity v¯rel =√
(v¯relz )2 + (v¯
rel
⊥ )2.
velocity vrel⊥ is taken from the entire ensemble and the az-
imuthal angle of the collision covers a flat distribution from 0
to 2pi. The final velocity after the collision is then transformed
back to the laboratory frame.
As a last step, we compare the final total transverse en-
ergy (kinetic + potential) in the laboratory frame with the trap
depth of the guide. A molecule is lost if its transverse energy
exceeds the trap depth. The percentage of lost molecules in
the whole ensemble gives the loss probability Ploss(vrelz , θ)
for the given vrelz and θ, but averaged over the transverse
spatial and energy distributions. The calculation for CH3F
is plotted in Fig. S5 A. Note that in principle both molecules
have the probability to get lost during one collision event, and
our model only includes the loss probability of one of the
two colliding partners, to avoid double counting. Two fea-
tures are apparent in Fig. S5 A. First, the smaller the scatter-
ing angle, the lower the loss probability for a given vrelz , and
Ploss(v
rel
z , θ = 0
o) = 0 as there is no energy transfer from
the longitudinal to the transverse component of the molecule
in this limit. Second, the smaller the vrelz , the lower the loss
probability for a given θ, as less energy can be transferred to
the transverse direction in a single collision.
By integrating vrelz over our measured longitudinal velocity
distribution, we obtain the averaged loss probability Ploss(θ)
as a function of the scattering angle (Fig. S5 B). The corre-
sponding averaged collision energy is 0.8K×kB for CH3F in
our measurement (Table S3). The plot in Fig. S5 B is con-
sistent with the features observed in Fig. S5 A. Firstly, at
θ < 10o, the loss probability quickly drops to zero. Secondly,
the maximal loss probability is only 45% at θ around 90o.
XI. CALCULATION AND FITTING OF THE SCATTERING
CROSS-SECTION AND RATE COEFFICIENT
The collision loss cross section and rate coefficient have
contributions from both elastic and inelastic channels. The
loss probability for elastic collisions Ploss(vrelz , θ) is calcu-
lated in Sec. S.X. The differential cross section dσdΩ (v
rel
z , θ) is
computed from the semiclassical eikonal approximation (28),
taking into account the isotropic part of the dipolar interaction
Vdd(r) = −〈d〉2 /4pi0r3. The total relative velocity vrel,
which is the directly relevant variable for computing dσdΩ , is
calculated from vrelz and v¯
rel
⊥ averaged over the whole trans-
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FIG. S6: Calculated collision rate coefficients and the exper-
imentally fitted loss rate coefficient for the decelerated CH3F
beam.
verse distributions. The results are plotted in Fig. S5 C for
0o to 15o scattering angle. Averaging over all vrelz for the
measured velocity distribution gives dσdΩ (θ), and is plotted as
a function of θ in Fig. S5 D. The plot shows clearly that dσdΩ (θ)
decreases quickly as θ increases. This is because in the semi-
classical regime the elastic scattering concentrates in the for-
ward direction. As the loss probability at smaller scattering
angles is low (Fig. S5 B), most elastic collisions do not lead to
losses.
The elastic loss cross section as a function of the relative
velocity is then computed from the integral σelloss(v
rel
z ) =∫
dφsinθdθPloss(v
rel
z , θ)
dσ
dΩ (v
rel
z , θ). The corresponding loss
rate coefficient is simply kelloss(v
rel
z ) = σ
el
loss(v
rel
z )vrel(v
rel
z )
(blue curve in Fig. S6). The total elastic rate coefficient is
obtained from the integration without including the loss prob-
ability, keltotal = σ
el
totalvrel = vrel
∫
dφsinθdθ dσdΩ . As shown
in Fig. S6 (red curve), keltotal is independent of the collision
energy in the semiclassical limit. The inelastic loss cross
section and rate coefficient are estimated from the Langevin
capture model, which is summarized in (29). The Langevin
rate for dipolar scattering is ∝ v−1/3rel . The results for kelloss,
keltotal, k
in, and the theoretical total loss rate coefficient kth =
kelloss + k
in for our CH3F beam, are plotted as functions of
vrelz in Fig. S6.
With the measured vz-distribution of the molecules in the
TOF-guide, we can transform kth(vrelz ) into kth(vz), and fit
it to the experimental data using the exp(−αkth∆nL/vz)-
model (Fig. 4), where ∆n is the measured density difference,
and L = LTOF +Leff is the guide length with the main con-
tribution LTOF = 46 cm for the TOF-guide and an additional
effective length inside the centrifuge Leff (see Sec. S.XII).
The fitting parameter α accounts for the deviation between
theory and experiment, which is about 1.4 (see main text).
The measured rate constant kCH3Floss is also plotted at the aver-
aged vrelz in Fig. S6 for comparison. In addition, we also list
in Table S4 the various collision cross sections obtained from
our measurement and from theory, for both CH3F and ND3.
Cross sections CH3F at ND3 at
(×10−12 cm2) Ecol/kB = 0.8 K Ecol/kB = 1.1 K
measured loss σloss 0.38± 0.03 0.49± 0.09
theoretical loss σth 0.27 0.31
Langevin σin 0.15 0.16
elastic loss σelloss 0.12 0.14
elastic total σeltotal 2.0 2.5
TABLE S4: The list of various cross sections for CH3F-CH3F
and ND3-ND3 collisions at the corresponding collision energies.
The measured loss cross section σloss is given in the first row. The
corresponding error bars are only statistical from the fitting of the
data. It agrees with the theory σth within 40%. From the second to
the last row, we show theoretically calculated cross sections, includ-
ing the theoretical loss cross section σth = σin +σelloss, the inelastic
cross section from Langevin model σin, the elastic loss cross sec-
tion for our specific system σelloss, and the total elastic cross section
σeltotal.
XII. EFFECTIVE COLLISION LENGTH INSIDE THE
CENTRIFUGE
Collisions between molecules start to build up already
inside the centrifuge before the molecules are fully de-
celerated. Neglecting this effect (i.e. setting the effec-
tive length inside the centrifuge Leff = 0) would intro-
duce a systematic error in the length of the collision re-
gion L, and consequently would result in a greater de-
viation between the measured loss rate and the theoreti-
cal values (i.e. a value of α greater than 1.4). By in-
cluding Leff in the collision model, we obtain the single-
particle loss factor exp(−αkthn (LTOF + Leff ) /vz) =
exp(−αkthn (LTOF /vz + Teff )), where the effective colli-
sion time in the centrifuge Teff = τ n
′
n
k′th
kth
. Here, τ is the
actual transient time in the rotating guide, n′ and k′th are the
molecule density and collision loss rate inside the centrifuge,
respectively, and n and kth are the corresponding quantities
inside TOF-guide.
The details of this correction term are explained in the fol-
lowing. τ can be calculated numerically since we know the
exact shape of the spiral trajectory and the input longitudinal
velocity vin-distribution. From conservation of energy in the
rotating frame, the intermediate velocity distribution at each
step along the spiral can be obtained (Fig. S7 A), and integrat-
ing throughout the trajectory gives τ . Clearly, τ is a function
of the output velocity vexit, since the slower the molecules,
the longer it takes for them to travel through the centrifuge.
The variation of molecule density n′ inside the centrifuge
comes from two main contributions, the conservation of flux
in the rotating frame during deceleration and the filtering at
the output of the centrifuge. The former results in an increas-
ing density as molecules travel towards the center of the spiral
while slowing down, assuming the electric guiding has unit
efficiency. The latter is responsible for the major filtering loss
because of the following two reasons. First, the bend at the
centrifuge output has the sharpest radius of curvature (5 cm),
which has a stronger effect for fast molecules. Second, the
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FIG. S7: Modeling the collision effects for CH3F inside the cen-
trifuge. (A) Variation of vz-distribution inside the centrifuge. The
arrow indicates the trend of decreasing r, which is the distance to
the center of rotation. (B) Guiding efficiency at the centrifuge output
from trajectory simulations. The effects of both the 5 cm radius bend
and the gap between centrifuge and the TOF-guide are included. (C)
The effective collision time Teff inside the centrifuge as a function of
the output velocity, and (D) the corresponding effective guide length
Leff .
sharp bend is followed by a 1.2 mm gap between the the rotat-
ing exit guide and the static TOF guide, which provides a loss
channel for (very) slow molecules. Trajectory simulations of
the output bend and gap combined (Fig. S7 B) predict an effi-
ciency of 66% for the final velocity distribution at the center
of rotation. Finally, the loss rate k′th inside the centrifuge can
be worked out as well, since the averaged relative longitudinal
velocity (v¯relz ) of the beam can be calculated from the inter-
mediate velocity distributions, and the transverse velocity dis-
tribution can be calculated from the guiding potential of the
electrodes. The final result of Teff versus the output velocity
vexit is plotted in Fig. S7 C, and the corresponding effective
guide length inside the centrifuge Leff is plotted in Fig. S7 D.
For molecules exiting the centrifuge at about 10 m/s, which
are responsible for the majority of the collision signal, the
Leff is about 27 cm.
The main simplification made in this model is that we
have neglected the filtering of molecules in the spiral guide.
This effect should however be small, since molecules are pre-
filtered before entering the spiral guide, and the spiral tra-
jectory is designed to collect all longitudinal velocities after
the pre-filtering. In addition, mixing between longitudinal
and transverse velocities in the spiral guide can cause a small
amount of transverse heating, hence lead to a small amount of
loss of molecules from the guide. Neglecting the two effects
introduce a slight underestimation of molecule density inside
the centrifuge in the model.
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